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Background: Many studies have proposed that putative ovarian stem cells (OSCs) derived from the ovarian surface
epithelium (OSE) layer of adult mammalian ovaries can produce oocytes. Few studies have reported that ovaries of
aged mammalian females including mice and women possess rare premeiotic germ cells that can generate
oocytes. However, no studies have reported the changes of OSCs according to the age of the female. Therefore,
this study evaluated pluripotent and germ cell marker expression in the intact ovary, scraped OSE, and postcultured
OSE according to age in female mice.
Methods: C57BL/6 female mice of 2 age groups (6–8 and 28–31 weeks) were superovulated by injection with 5 IU
equine chorionic gonadotropin (eCG). Both ovaries were removed after 48 hours and scrapped to obtain OSE. Gene
expressions of pluripotent (Oct-4, Sox-2, Nanog) and germ cell markers (c-Kit, GDF-9, and VASA) were evaluated by
RT-PCR. VASA and GDF-9 were immune-localized in oocyte-like structures.
Results: Expressions of germ cell markers in the intact ovary were significantly decreased in aged females, whereas
expressions of pluripotent markers were not detected, regardless of age. Scraped OSE expression of all pluripotent
and germ cell markers, except for c-Kit, was similar between both age groups. Three weeks postcultured OSE had
significantly decreased expression of GDF-9 and VASA , but not c-Kit, in old mice, as compared to young mice;
however there was no difference in the expression of other genes. The number of positively stained Oct-4 by
immunohistochemistry in postcultured OSE was 2.5 times higher in young mice than aged mice. Oocyte-like
structure was spontaneously produced in postcultured OSE. However, while that of young mice revealed a prominent
nucleus, zona pellucida-like structure and cytoplasmic organelles, these features were not observed in old mice.
Conclusions: These results show that aged female mice have putative OSCs in OSE, but their differentiation potential,
as well as the number of OSCs differs from those of young mice.
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Female ageBackground
Advancing female age is closely associated with a de-
crease in the number and quality of ovulated oocytes.
Various methods including the activation of ovarian
angiogenesis have been attempted to improve oocyte
quality in the aged female [1-4]. However, it remains a
challenging problem in the treatment of infertility.* Correspondence: kuslee@pusan.ac.kr
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unless otherwise stated.Since Tilly’s group first reported the existence of pro-
liferative germline stem cells that sustain oocyte and fol-
licle production in the postnatal mouse ovary [5], many
studies have subsequently demonstrated that putative
ovarian stem cells (OSCs) can be successfully isolated
from the ovarian surface epithelium (OSE) of the neo-
natal and adult mammalian ovary, including mice and
human [6-8]. This concept has challenged the traditional
central dogma of mammalian reproductive biology that
female are born with a finite and non-renewable pool
of oocyte-containing follicles [9]. Nevertheless, these. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
g/publicdomain/zero/1.0/) applies to the data made available in this article,
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OSE-derived OSCs will be helpful to better management
and understanding of menopause, reproductive disease,
and infertility associated with old age, poor response, or
premenopause ovarian failure (POF).
OSEs are epithelial cells covering the ovaries and they
are relatively less differentiated, uncommitted layer of
cells that express both epithelial and mesenchymal
markers [10,11]. Recently, Parte et al. introduced a new
concept that OSE-derived OSCs possess of 2 distinct
stem cell populations including the pluripotent very
small embryonic like stem cells (VSELs) and their imme-
diate descendent ‘progenitor’ ovarian germ stem cells
(OGSCs) in most adult mammals, including mice, rab-
bits, sheep, monkeys, and women [11,12].
Several recent studies have shown successful postnatal
oocyte renewal from OSCs derived from the OSE. Zou
et al. reported the production of offspring after trans-
plantation of a germline stem cell line derived from the
neonatal mouse ovary into ovaries of infertile mice [13].
Niikura et al. showed that aged mouse ovaries possess a
rare population of premeiotic germ cells that retain the
capacity to form oocytes on exposure to a young host
environment [14]. White et al. reported that ovaries
from women of reproductive-age also possess rare mitot-
ically active germ cells that can be propagated in vitro,
as well as generate oocytes in vitro and in vivo [15].
These results suggested that OSE-derived OSCs can pro-
duce primordial germ cells and oocytes if appropriate
conditions are provided. Therefore, if OSCs existing in
the aged ovary could continuously generate good quality
oocytes, it may provide a basis of effective treatment for
age-related decline of fertility in females. However, few
studies have reported that ovaries of aged female, includ-
ing mice and women, possess rare premeiotic germ cells
that can generate oocytes [11,14,16]. Accordingly, in the
current study model we examined the change of pluripo-
tent and germ cell markers expression in the intact
ovary, scraped OSE cells, and postcultured OSE cells ac-
cording to female mice age.Methods
Animals
C57BL/6 inbred mice were purchased from Korea Ex-
perimental Animal Center (Daegu, South Korea). The
mice were maintained on a continuous cycle of lights on
at 7:00 AM, and off at 7:00 PM, with food and water
available ad libitum under specified pathogen free (SPF)
condition. The food was provided as pellets (Global Ro-
dent Diet, Harlan Lab., Indianapolis, USA) and water
was sterilized and provided in water bottles. The room
temperature was maintained at 21 ± 2°C and the relative
humidity at 55 ± 10%.This study was approved from the Institutional Review
Board of Pusan National University Hospital, Korea.
Female mice of two age groups (6–8 and 28–31 weeks)
were injected intraperitoneally with 5 IU of eCG (Sigma,
St. Louis, MO, USA). eCG was injected for two pur-
poses: one is to synchronize the estrus cycle and the
other is to increase pluripotent stem cell activity.
Bhartiya et al. showed that eCG treatment resulted in
increased pluripotent stem cell activity, neo-oogenesis
and PF assembly in the adult mouse ovaries. Especially,
two days after eCG treatment, OSE exhibited extensive
proliferation [12]. Forty-eight hours after eCG injection,
the mice were sacrificed by cervical dislocation and both
ovaries were collected.
Scraping of ovarian surface epithelium (OSE) and in vitro
culture of putative ovarian stem cells (OSCs)
OSCs were retrieved from OSE. Both ovaries were gently
rinsed several times in Dulbecco’s phosphate-buffered
saline (DPBS; Invitrogen, Carlsbad, CA, USA) containing
antibiotics (penicillin 100 U/mL, streptomycin 100 mg/
mL; Invitrogen) at ambient temperature and kept in
serum-free plain and preincubated Dulbecco's Modified
Eagle Medium/Ham's Nutrient Mixture F-12 (DMEM/
F12; Gibco BRL, Grand Island, NY, USA) before scrap-
ing of OSE. One intact ovary was provided for reverse-
transcription polymerase chain reaction (RT-PCR). The
surface of the remaining intact ovary was gently scraped
several times in the aseptic laminar flow hood with
a sterile disposable surgical scalpel (Swann-Morton,
Sheffield, United Kingdom) into plain DMEM/F12 in a
60 mm dish at 37°C on a preheated tray. OSE was easily
detached from the ovarian surface and centrifuged to re-
trieve a scraped suspension of cells. The suspension of
scraped OSE cells were transferred to a 15 mL centrifuge
tube and spun at 1,000 g for 10 minutes at room
temperature. The pellet was suspended in fresh medium
and cultured in DMEM/F12 supplemented with 20%
fetal bovine serum (FBS; Invitrogen) and antibiotics
(Invitrogen) in a 5% CO2 incubator at 37°C for 3 weeks.
The culture medium was replaced with fresh medium
every 2 days. Cultures were carefully monitored daily
under a heated stage inverted microscope (ECLIPSE
2000-S, Nikon, Tokyo, Japan) equipped with a digital
sight camera (Nikon, Tokyo, Japan). The intact ovary,
the scraped OSE cells and the postcultured OSE cells
were utilized for reverse-transcription polymerase chain
reaction (RT-PCR) and immunohistochemistry.
Characterization studies
Attached cell cultures including oocyte-like structures
were washed with DPBS and enzymatically detached
from the plates with a trypsin-EDTA solution (Sigma)
for 5 minutes at 37°C. The cell suspension was then
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resuspended in Trizol (Invitrogen) and stored at −80°C
for RNA extraction. For immunohistochemical analyses,
OSCs cultured for 3 weeks (postcultured OSCs) were
fixed in a 4% paraformaldehyde (PFA) solution (Sigma)
in DPBS for 10 minutes. The cells were air-dried,
washed twice with PBS, air-dried again, and stored at
4°C until further use. All characterization studies were
carried out in at least 10 mice per each age group.RNA preparation and RT-PCR
Both ovaries per mouse were carefully collected. One in-
tact ovary was utilized for RT-PCR. The surface of the
remaining intact ovary was gently scraped.
Total RNA was extracted using Trizol reagent (Invi-
trogen) according to the manufacturer’s protocol. Com-
plementary DNA (cDNA) was synthesized from 1 μg of
total RNA with AMV Reverse Transcriptase (Promega,
Madison, WI, USA) using a random hexamer (Bioneer,
Daejeon, Korea) at 42°C for 1 hour. Each cDNA was
subjected to polymerase chain reaction (PCR) amplifica-
tion using gene-specific primers (Table 1). Pluripotent
markers were analyzed for Oct-4, Sox-2 and Nanog tran-
script markers. Germ cell markers were analyzed for c-
Kit, GDF-9 and VASA transcript markers. GAPDH
expression was used as an internal control in RT-PCR.
PCR products were visualized by 1.2% agarose gel
electrophoresis. The PCR bands were quantified and
normalized relative to the control band with Image J
(National Institutes of Health Image software, version
1.35d, Bethesda, MD, USA). Data were representative of
at least 3 independent experiments.Table 1 Primers sequences used for PCR amplification and co
Gene Sequence
Oct-4 FW: AGCACGAGTGGAAAGCAACTC
RV: CAAGCTGATTGGCGATGTGAG
Sox-2 FW: ACGCTCATGAAGAAGGATAA
RV: GTAGGACATGCTGTAGGTGG
Nanog FW: TACCTCAGCCTCCAGCAGAT
RV: CACCTCCAA ATCACTGGCAG
c-Kit FW: GTCATTGTTGGCTACGAGAT
RV: AACACGAGGTCATCCACTAT
GDF-9 FW: TTGCTGTTGCCTGTAGATGG
RV: GAAGAGCCGGACGGTATTGT
VASA FW: GCTCAA ACAGGGTCTGGGAAG
RW: GGTTGATCAGTTCTCGAGTTC
GAPDH FW: ACCACAGTCCATGCCATCAC
RV: TCCACCACCCTGTTGCTGTAImmunohistochemistry
The GDF-9 (ab93892), VASA (ab13840), and Oct-4
(ab18976) primary antibodies used in this study were
purchased from Abcam (Cambridge, MA, USA). Post-
cultured OSE cells from young and aged mice were
grown on glass coverslips and were then fixed in 4%
paraformaldehyde (PFA) in PBS, for 10 minutes at room
temperature (RT). Coverslips were washed three times
with PBS, and stained with anti-GDF-9, VASA, and Oct-
4 primary antibody (1:100 dilutions in 1% BSA/PBS
solution, overnight at 4°C). The remaining steps were
performed according to instructions supplied with the
GDF-9, VASA and Oct-4 antibodies. Briefly, after over-
night incubation with respective primary antibodies,
cells were washed thrice with PBS and samples were in-
cubated with biotinylated-conjugated secondary antibody
and HRP coupled to streptavidin-conjugated antibody
(Zymed Laboratories-Invitrogen, San Francisco, CA,
USA) for 15 minutes at room temperature and washed
thrice with PBS. Antibody binding was visualized
using 3,3-diaminobenzidine (DAB), counterstained with
Mayer’s hematoxylin (Sigma), and mounted with
Histomount solution (Invitrogen). The immune-stained
Oct-4-positive cells in postcultured OSE were counted
under a microscope. Data was representative of at least 2
independent experiments.
Statistics
Statistical analysis was done with the SPSS program
(version 12.0) and all data were presented as a mean ±
SD. Comparative expression according to female age
was analyzed by student t-test. P < 0.05 was considered
to be statistically significant.nditions
Tm (°C) Cycles Product size (bp)
57 38 497
58 42 330
56 42 460
57 28 142
57 28 204
58 35 145
57 25 452
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The expressions of pluripotent and germ cell markers
in the intact ovary, scraped OSE, and postcultured
OSE were examined by RT-PCR analyses. As shown
in Figure 1, pluripotent markers Oct-4, Sox-2, and
Nanog were undetectable in the intact ovary regardless of
female age. Whereas, germ cell markers c-Kit, GDF-9, and
VASA were significantly decreased in advanced female age
(P < 0.05).
All pluripotent and germ cell markers were detected
in the scraped OSE, with no significant difference be-
tween the two age groups except for c-Kit. The expres-
sion of c-Kit was significantly decreased in aged mice
compared to young mice (P < 0.01). Additionally, the ex-
pression of c-Kit was significantly lower than other
pluripotent and germ cell markers (P < 0.05) (Figure 2).
Transcript for Nanog, which was detected in scraped
OSE cells, was undetectable in 3 week cultured OSE;
however Oct-4 and Sox-2 were slightly expressed in the
postcultured OSE. There were no differences in the ex-
pression of all pluripotent stem cells and germ cell
markers regardless of female age, except for GDF-9 and
VASA, which were significantly decreased in old mice as
compared to young mice (P < 0.05). ZP3 was signifi-
cantly decreased in old mice compared to young mice
(Figure 3).
The number of OSCs cells was evaluated by immuno-
histochemical staining for Oct-4 in 3-week postcultured
OSE. The number of positively stained Oct-4 was 4 in
aged mice and 10 in young mice. The number was 2.5
times higher in young mice, reflecting significant differ-
ence between groups (Figure 4).
OSCs spontaneously increased in size and differenti-
ated into oocyte-like structures, regardless of the female
age (Figure 5 A-F). Single or clusters of epithelial cells
were found at the time of scraping of the ovarian sur-
face, and attached to fibroblast-like appearance cells by
postculture processing (Figure 5G). Epithelial cellsFigure 1 RT-PCR analysis of pluripotent and germ cell markers in the
pluripotent and germ cell markers of 6- and 30-week-old mice is shown. (B) T
and expressed as means ± SD. *P < 0.05 vs. young mice.transformed into spindle-shaped fibroblasts. Small
oocyte-like cells resembled bubble-like structure and de-
veloped in close proximity fibroblasts by 2 weeks of cul-
ture (Figure 5C and F). During initial scraping of ovarian
surface tissue, oocytes surrounded by zona pellucida
were also collected with OSCs(Figure 5H and I), but
they were thoroughly washed together with cellular deb-
ris and thus the possibility of occurrence of these oo-
cytes during in vitro culture of OSCs was excluded.
Larger oocyte-like structures with prominent nucleus,
zona pellucida-like structure and cytoplasmic organelles
attached to the bottom of culture dish only in postcul-
tured OSE of young mice (Figure 6).
Oocyte-like structures shown in the postcultured OSE
were stained positively by immunohistochemistry for
VASA (Figure 7A and B) and GDF-9 (Figure 7C and D),
regardless of age in female mice. This result indicates
that germ cell markers were immuno-localized in
oocyte-like structures.
Discussion
The present study investigated the difference in expres-
sion of pluripotent and germ cell markers in the intact
ovary, scraped OSE cells, and postcultured OSE cells in
female mice according to age. This study showed a re-
duced expression of germ cell markers, but not pluripo-
tent stem cells markers, in the ovary, scraped and
postcultured OSE cells of old females compared to
young females. To our acknowledgement, this is the first
study to report the differential expressions of germ cell
markers in OSE according to female age. This result
possibly suggests the decreased potential of differenti-
ation or stemness activity of germ cells in OSE with ad-
vancing female age.
Another notable finding in the present study was to
show the possibility that pluripotent cells and germ cells
presented in scraped OSE cells in aged female as well as
young mice and ooycte-like structure was producedintact ovaries of different aged mice. (A) Representative RT-PCR for
he band intensities were normalized to those of GAPDH, respectively
Figure 2 RT-PCR analysis of pluripotent and germ cell markers in the scraped OSE of different aged mice. (A) Representative RT-PCR for
pluripotent and germ cell markers of 6- and 30-week-old mice is shown. (B) The band intensities were normalized to those of GAPDH, respectively
and expressed as means ± SD. *P < 0.01 vs. young mice.
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several previous studies, which showed that OSCs
present in aged females can produce oocyte-like struc-
ture or oocytes on exposure to an appropriate environ-
ment [6,14,17-19]. It has been speculated that adult
stem cells may play an important role in ovarian func-
tion and aging in the female [7].
Some experimental evidence previously indicated that
oocyte-like structures were differentiated from the cul-
ture of scraped OSEs from postmenopausal women and
other adult mammalian species, but only a few of these
oocyte-like structures were surrounded by distinct zona-
pellucida like structures [8,11]. We also observed primi-
tive oocyte-like structures in both aged and young mice
(Figure 5). However, oocyte-like structure surrounded by
distinct zona pellucida-like structure was not detected in
aged mice, unlike young mice. The expression of ZP3
was also significantly decreased in old mice compared to
young mice. The reason for this different differentiation
into oocyte-like structures between young and aged mice
is not clear, but may be related to the decreased expres-
sion of c-Kit, GDF-9 and VASA as well as ZP3 in agedFigure 3 RT-PCR analysis of pluripotent and germ cell markers in the
Representative RT-PCR for pluripotent and germ cell markers of 6- and 30-w
those of GAPDH, respectively and were expressed as means ± SD (B). *P < 0mice compared to young mice. Decreased expression of
germ cell markers possibly indicates the decrease or ab-
sence of the differentiation potential of germline stem
cells into various cell types. Another possible reason for
this decreased differentiation potential into oocytes was
recently suggested to be due to the decreased immune
activity accompanying age related hormonal changes
[20,21].
Scraped OSEs include epithelial cells, endothelial cells,
VSELs, OGSCs, cyst and red blood cells. During the cul-
ture of OSEs, VSELs have self-renewal and differenti-
ation potential, and OGSCs proliferate and expand
clonally. Usually, several small round cells with a
bubble-like structure indicating putative stem cells were
observed on day 3 to 4 of culture. In further culture, cell
clusters rather than clone was observed. The cell cluster
consisted of epithelial cells or spindle-shaped fibroblast
and putative stem cells. Previous studies have shown
that oocyte-like cells develop with close contact with
fibroblast and OSCs [11,18]. Parte et al. suggested that
mesenchymal fibroblasts formed supporting granulosa-
like somatic cells [11]. These cell clusters were observed3 week postcultured OSE of different aged mice. (A)
eek-old mice is shown. (B) The band intensities were normalized to
.05 vs. young mice.
Figure 4 Immunostaining of Oct-4 in 3-week postcultured OSE of different aged mice. The oocyte-like structures were developed in
3-week postcultured OSE of young (A) and aged mice (B) and they were positively stained for Oct-4. (C) The numbers of Oct-4-positive cells were
counted under a microscope. Scale bar = 20 μm. N=3, 6 ovaries per age group.
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the oocyte-like structures in both age groups of mice ap-
peared to grow in close vicinity to mesenchymal fibro-
blasts from the cell clusters on day 10 or 11 of culture
(Figure 4 C and F). Fibroblasts express aromatase as well
as fibroblast growth factor (FGF) [22]. Aromatase cata-
lyzes the turnover of C steroids into estrogens, which
play an important role in oocyte development [23,24].
FGF is involved in cell differentiation, cell migration and
angiogenesis [18].
A recent study reported that treatment with FGF and
follicle stimulation hormone (FSH) stimulates stem cells
present in OSEs and also leads to primordial follicle (PF)
assembly [25]. The basic concept of PF development is
that the initial development of PF is FSH-independent
[26]. However, several previous studies have suggested
that PF formation also required the action of FSH
[27,28]. It has been reported that FSH receptors (FSHR)
are localized to not only the somatic granulosa cells, but
also the normal OSEs [29,30], ovarian tumor surface epi-
thelium [31], oocytes and cleavage embryos [32,33].
Since this finding, Demeestere et al. showed that FSH
possibly coordinates both, the germline and somatic
compartments of the mouse follicle [34]. In this respect,
it has been assumed that FSH acting through FSHR
present in OSE may play a potential role in ovarian biol-
ogy. Bhartiya et al. examined histo-architecture andexpression for pluripotent stem cells and germ cell
markers in ovaries collected from adult mice during
different stages of the estrous cycle, and 2 and 7 days
post-eCG (5 IU) treatment to study the effect of gonado-
tropin on VSELs, OGSCs, postnatal oogenesis and PF
assembly. They showed that eCG treatment resulted in
increased pluirpotent stem cell activity, neo-oogenesis
and PF assembly in adult mouse ovaries. Two days after
PMSG treatment, OSE exhibited extensive proliferation
[35]. This result is in agreement with earlier reports
[36,37]. Based on these earlier observations, we removed
ovaries and collected the OSE 48 hour post-eCG treat-
ment. However, eCG is not equivalent to FSH, since it
consists of LH as well as FSH. This study focused on the
effect of FSH based on the data of the previous studies.
To our knowledge, no studies have reported the effect of
LH on pluripotent stem cell activity or OSE prolifera-
tion. Therefore, further study on the effect of LH should
be done in addition to this research.
Expression of pluripotent (Oct-4, Sox-2, and Nanog)
and germ cell (c-Kit, GDF-9, and VASA) markers in the
scraped OSEs and postcultured OSEs were observed in
previous studies [11,18]. They showed that the pluripo-
tent markers such as Oct-4, Sox-2, Nanog were strongly
expressed in the scraped OSEs, but after in vitro culture,
putative stem cells strongly expressed Oct-4, and only
slightly expressed Sox-2 and Nanog. These findings
Figure 5 Smaller oocyte-like structures developed in 3-week postcultured OSE of different aged mice. Ovarian stem cells spontaneously
increased in size and differentiated into oocyte-like structures (arrow head) in 3 weeks postcultured OSE of young (A-C) and aged mice (D-F). Single or
clusters of epithelial cells (arrow) (G) and oocytes (asterix) (H-I) were found with OSCs during scraping of OSE. Scale bar = 20 μm.
Figure 6 Larger oocyte-like structures developed in postcultured
OSE isolated from young mice. Larger oocyte-like structures attached
to the bottom of the culture dish and showed a prominent nucleus
(arrow head), zona pellucida-like structure (arrow) and cytoplasmic
organelles (asterix). Scale bar = 20 μm.
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inant characteristics of pluripotency, and the pluripo-
tency decreased with the culture period. In our study,
Nanog was undetectable after 3 weeks of in vitro culture
of OSE, but expressions of Oct-4 and Sox-2 strongly de-
creased. Two possible reasons can be considered for the
somewhat different expression patterns; firstly species
variation between human and mouse, and secondly dif-
ferent sera supplementations in culture media (FBS and
fetal calf serum (FCS)). Serum conditions can have a sig-
nificant effect on stem cell characteristics, such as differ-
entiation and proliferative capacity, as shown for the
proliferation and osteogenic differentiation capacity of
human adipose stem cell, wherein a notable difference
was found in collagen type I and ALP mRNA expression
[38].
It is possible that OSCs from different aged mice ex-
press different levels of the same pluripotent markers.
Thus, the expression level of these markers may not re-
flect the number of OSCs in the OSEs samples. There-
fore, in this study we performed immunohistochemical
staining of Oct-4 (pluripotent marker) in the postcul-
tured OSEs and showed a significantly higher number of
Figure 7 Immuno-localization of germ cell markers in oocyte-like structures from young mice (A and C) and aged mice (B and D). The
oocyte-like structures stained positive in young mice (A and C) and aged mice (B and D) for VASA (A and B) and GDF-9 (C and D) in postcultured
OSE. These markers are specific to ooplasm, and surrounding fibroblasts were negative. Oocyte-like structure (O) which surrounded zona pellucid
(ZP)-like structure and cumulus (C)-like cells is prominently observed in young mice. DAB (3, 3’-diaminobenzidine)-HRP substrate was used to produce
a brown reaction in immunohistochemical analysis. Scale bar = 20 μm.
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result did not coincide with the results from RT-PCR
analyses of postcultured OSEs, which showed no signifi-
cant difference between the age groups. The reason for
different results between immunohistochemical staining
and RT-PCR is not clear. However, it was likely that cells
collected for RT-PCR may have contained fibroblast
cells, as well as oocyte-like structures because oocyte-
like structure developed in close contact with fibroblast
cells.
Recently, Oct-4A is an nuclear Oct-4 and has become
a known marker for the pluripotent state. During differ-
entiation, nuclear Oct-4A shifts to the cytoplasmic Oct-
4B. VSELs express Oct-4A and OGSCs express Oct-4B.
Oct-4A is amplified by Oct-4A primer whereas Oct-4B
is amplified by Oct-4 primer which amplifies all isoforms
[39]. Oct-4A must be appropriate if we want to examine
pluripotency of OSE or OSCs. However, this study fo-
cused on the germ cell activity as well as pluripotency of
OSE, hence the use of Oct-4 was more appropriate than
Oct-4A.
Unexpectedly, the expression of pluripotent markers
was undetectable in the intact ovary whereas they could
be detected in OSEs. Ovarian cortical tissue showed
minimal OSEs and few primordial follicles [25] and
ovaries of reproductive-age women possess rare mitoti-
cally active germ cells [15]. Therefore, it seems that the
level of the expression of pluripotent markers in the in-
tact ovary may be relatively too small to be detected byRT-PCR as compared to those of concentrated OSEs.
Contrastingly, mouse ovaries have many germline stem
cells from 2 distinct populations with different diame-
ters: cells with diameters of 10–15 μm in the ovarian
surface epithelium and cells with diameters of 50–60 μm
in the center of the follicular compartment [40]. There-
fore, the expression of germ cell markers for c-Kit, GDF-
9, and VASA in the intact ovary could be observed.
Real-time PCR has been recently used for quantitative
evaluation of gene expression, but this study evaluated
quantitatively gene expression of each marker using
Image J. For the past 25 years, NIH Image and Image J
software have been widely accepted as a semi-
quantitative evaluation method of gene expression [41]
by normalizing the relative band intensities of target
gene expression obtained in the RT-PCR assay to those
of GAPDH.
Expression of GDF-9 and VASA, among germ cell-
specific markers, in postcultured OSEs were significantly
decreased in old mice compared to young mice. GDF-9
is among the key oocyte-secreted factors (OSFs) and can
activate signaling pathways in cumulus cells to mediate
the development of neighboring oocytes and play vital
roles in oocyte maturation and quality determination
[42,43]. Aged oocytes had a decreased expression of
GDP-9 [44]. Mouse vasa homologue (MVH) is expressed
exclusively in the ovary and has been characterized as a
marker of primordial germ cell lineage, such as the early
stages of germ cell differentiation.
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the present study showed decreased expression of c-Kit
in the scraped OSE, but not in postcultured OSE, in
aged mice compared to young mice. The reasons for this
difference in gene expression were possibly 2 fold:
Firstly, the technical error in the experimental proce-
dures. However, we ruled out this possibility based on
reproducibility of the data on repeated experiments.
The other possible reason was that these markers
were detected in different periods of differentiation.
Usually c-Kit is a pre-differentiation marker, whereas VASA
and GDF-9 are post-differentiation markers [45]. Several
studies have shown that the cultured OSEs express high
levels of c-kit receptor and its ligand SCF proteins in vitro
[18,46]. This result was also observed in postcultured OSE
in the present study.
Mice typically breed from 6 to 8 weeks of age and con-
tinue for about 200 days depending on the strain [47].
The sexual maturity and lifespan in laboratory mice is
around 6 weeks and 1 year, respectively [48]. Consider-
ing the reproductive physiology of mice, 6 to 9 weeks,
14 to 16 weeks, and 25 to 27 weeks in mice may be
comparable with teenage years, ≥30 years of age, and
≥40 years of age in humans, respectively. Niikura et al.
considered mice of 20 month old as aged [14]. Twenty
month old mice may be very old with complete loss of
reproductive function, comparable with around 60 years
of age in the human. Furthermore, oocytes collected from
30-to-40-week-old mice are more developmentally sensi-
tive to mitochondrial damage than oocytes from pubertal
mice, resulting in significant decline of oocyte competence
[49]. Therefore, 20 month old mice are preagonal and
seem to be too old to evaluate the status on the reproduct-
ive physiology. In this respect, we thought that 28–30
week old mice used in our present study were an adequate
model of human menopause and/or pre-menopause.
Conclusions
This study demonstrated that the expression of germ cell
markers, but not pluripotent stem cells markers, in the
intact ovary and postcultured OSE cells of old females
may be decreased compared to young females. Addition-
ally, this study showed that OSE-derived OSCs produced
oocyte-like structure even in aged mice, although the
oocyte-like structures in aged mice were incomplete as
compared to young mice. These results suggested that
advancing female age resulted in decreased potential of
differentiation into oocytes or stemness activity of germ
cells in OSEs. Therefore, further study is required to
understand the appropriate milieu for inducing regener-
ation of oocytes from OSCs in aged female. It is expected
that this study may contribute to the development of a
new strategy for the production of oocytes in the treat-
ment of female age-related infertility and POF.Abbreviations
eCG: Equine chorionic gonadotropin; OGSCs: Ovarian germ stem cells;
OSCs: Putative ovarian stem cells; OSE: Ovarian surface epithelium;
POF: Premenopause ovarian failure; RT-PCR: Reverse-transcription polymerase
chain reaction; VSELs: Very small embryonic like stem cells.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
BSJ carried out theconception, design and executionof study, acquisition of
data, performed statistical analysis and manuscript drafting. IKJ carried out
theconception, design and executionof study, acquisition of data, and
manuscript drafting. MJP performed the executionof study and analysis of
data. JKJ participated in analysis and interpretation of data. KHL participated
in analysis and critical discussion. KSK participated in drafting the manuscript
or revising it critically for important intellectual content, and final approval of
the version to be published. All authors read and approved the final
manuscript.
Acknowledgements
This research was supported by Basic Science Research Program through the
National Research Foundation of Korea (NRF) funded by the Ministry of
Education(NRF-2013R1A1A2013063). We thank for proofreading and editing
of our manuscript by Francesca D, one of English editor at HARRISCO,
scientific English research paper editing service.
Author details
1Research Center for Anti-Aging Technology Development, Pusan National
University, Busan, Korea. 2Department of Obstetrics and Gynecology, Medical
Research Institute, Pusan National University School of Medicine, Busan,
Korea.
Received: 24 March 2014 Accepted: 4 September 2014
Published: 24 November 2014
References
1. Lee DH, Joo BS, Suh DS, Park JH, Choi YM, Lee KS: Sodium nitroprusside
treatment during the superovulation process improves ovarian response
and ovarian expression of vascular endothelial growth factor in aged
female mice. Fertil Steril 2008, 89(5 Suppl):1514–1521.
2. Choi KH, Joo BS, Sun ST, Park MJ, Son JB, Joo JK, Lee KS: Administration of
visfatin during superovulation improves developmental competency of
oocytes and fertility potential in aged female mice. Fertil Steril 2012,
97:1234–1241. e1-3.
3. Park SS, Park MJ, Joo BS, Joo JK, Son JB, Lee KS: Improvement of ovarian
response and oocyte quality of aged female by administration of bone
morphogenetic protein-6 in a mouse model. Reprod Biol Endocrinol 2012,
10:117.
4. Marinakis G, Nikolaou D: What is the role of assisted reproduction
technology in the management of age-related infertility? Hum Fertil
(Camb) 2011, 14:8–15.
5. Johnson J, Canning J, Kaneko T, Pru JK, Tilly JL: Germline stem cells and
follicular renewal in the postnatal mammalian ovary. Nature 2004,
428:145–150.
6. Bukovsky A, Svetlikova M, Caudle MR: Oogenesis in cultures derived from
adult human ovaries. Reprod Biol Endocrinol 2005, 3:17.
7. Tilly JL, Telfer EE: Purification of germlinestem cells from adult
mammalian ovaries: a step closer towards control of the female
biological clock? Mol Hum Reprod 2009, 15:393–398.
8. Bukovsky A: Ovarian stem cell niche and follicular renewal in mammals.
Anat Rec (Hoboken) 2011, 294:1284–1306.
9. Zuckerman S: The number of oocytes in the mature ovary. Recent Prog
Horm Res 1951, 6:63–109.
10. Okamoto S, Okamoto A, Nikaido T, Saito M, Takao M, Yanaihara N, Takakura
S, Ochiai K, Tanaka T: Mesenchymal to epithelial transition in the human
ovarian surface epithelium focusing on inclusion cysts. Oncol Rep 2009,
21:1209–1214.
11. Parte S, Bhartiya D, Telang J, Daithankar V, Salvi V, Zaveri K, Hinduja I:
Detection, characterization, and spontaneous differentiation in vitro of
Joo et al. Reproductive Biology and Endocrinology 2014, 12:113 Page 10 of 10
http://www.rbej.com/content/12/1/113very small embryonic-like putative stem cells in adult mammalian ovary.
Stem Cells Dev 2011, 2:1451–1464.
12. Bhartiya D, Sriraman K, Parte S: Stem cell interaction with somatic niche
may hold the key to fertility restoration in cancer patients. Obstet Gynecol
Int 2012, 2012:921082.
13. Zou K, Yuan Z, Yang Z, Luo H, Sun K, Zhou L, Xiang J, Shi L, Yu Q, Zhang Y,
Hou R, Wu J: Production of offspring from a germline stem cell line
derived from neonatal ovaries. Nat Cell Biol 2009, 11:631–636.
14. Niikura Y, Niikura T, Tilly JL: Aged mouse ovaries possess rare premeiotic
germ cells that can generate oocytes following transplantation into a
young host environment. Aging (Albany NY) 2009, 1:971–978.
15. White YA, Woods DC, Takai Y, Ishihara O, Seki H, Tilly JL: Oocyte formation
by mitotically active germ cells purified from ovaries of reproductive-age
women. Nat Med 2012, 18:413–421.
16. Bukovsky A, Copas P, Virant-Klun I: Potential new strategies for the treatment
of ovarian infertility and degenerative diseases with autologous ovarian
stem cells. Expert Opin Biol Ther 2006, 6:341–6365.
17. Bukovsky A, Caudle MR: Immunoregulation of follicular renewal, selection,
POF, and menopause in vivo, vs. neo-oogenesis in vitro, POF and ovarian
infertility treatment, and a clinical trial. Reprod Biol Endocrinol 2012, 10:97.
18. Virant-Klun I, Zech N, Rozman P, Vogler A, Cvjeticanin B, Klemenc P, Malicev
E, Meden-Vrtovec H: Putative stem cells with an embryonic character
isolated from the ovarian surface epithelium of women with no naturally
present follicles and oocytes. Differentiation 2008, 76:843–856.
19. Virant-Klun I, Skutella T, Cvjeticanin B, Stimpfel M, Sinkovec J: Serous
papillary adenocarcinoma possibly related to the presence of primitive
oocyte-like cells in the adult ovarian surface epithelium: a case report.
J Ovarian Res 2011, 4:13.
20. Voog J, Jones DL: Stem cells and the niche: a dynamic duo. Cell Stem Cell
2010, 6:103–115.
21. Bukovsky A: How can female germline stem cells contribute to the
physiological neo-oogenesis in mammals and why menopause occurs?
Microsc Microanal 2011, 17:498–505.
22. Draper BW, McCallum CM, Moens CB: Nanos1 is required to maintain
oocyte production in adult zebrafish. Dev Biol 2007, 305:589–598.
23. Gong SP, Lee JH, Lim JM: Derivation of histocompatible stem cells from
ovarian tissue. J Reprod Dev 2010, 56:481–494.
24. Nelson LR, Bulun SE: Estrogen production and action. J Am Acad Dermatol
2001, 45:S116–S124.
25. Parte S, Bhartiya D, Manjramkar DD, Chauhan A, Joshi A: Stimulation of
ovarian stem cells by follicle stimulating hormone and basic fibroblast
growth factor during cortical tissue culture. J Ovarian Res 2013, 6:20.
26. Garor R, Abir R, Erman A, Felz C, Nitke S, Fisch B: Effects of basic fibroblast
growth factor on in vitro development of human ovarian primordial
follicles. Fertil Steril 2009, 91(5 Suppl):1967–1975.
27. Wright CS, Hovatta O, Margara R, Trew G, Winston RM, Franks S, Hardy K:
Effects of follicle-stimulating hormone and serum substitution on the in-vitro
growth of human ovarian follicles. Hum Reprod 1999, 14:1555–1562.
28. Roy SK, Albee L: Requirement for follicle-stimulating hormone action in
the formation of primordial follicles during perinatal ovarian development
in the hamster. Endocrinology 2000, 141:4449–4456.
29. Parrott JA, Doraiswamy V, Kim G, Mosher R, Skinner MK: Expression and
actions of both the follicle stimulating hormone receptor and the
luteinizing hormone receptor in normal ovarian surface epithelium and
ovarian cancer. Mol Cell Endocrinol 2001, 172:213–222.
30. Ji Q, Liu PI, Chen PK, Aoyama C: Follicle stimulating hormone-induced
growth promotion and gene expression profiles on ovarian surface
epithelial cells. Int J Cancer 2004, 112:803–814.
31. Bose CK: Follicle stimulating hormone receptor in ovarian surface
epithelium and epithelial ovarian cancer. Oncol Res 2008, 17:231–238.
32. Méduri G, Charnaux N, Driancourt MA, Combettes L, Granet P, Vannier B,
Loosfelt H, Milgrom E: Follicle-stimulating hormone receptors in oocytes?
J Clin Endocrinol Metab 2002, 87:2266–2276.
33. Patsoula E, Loutradis D, Drakakis P, Kallianidis K, Bletsa R, Michalas S:
Expression of mRNA for the LH and FSH receptors in mouse oocytes and
preimplantation embryos. Reproduction 2001, 121:455–461.
34. Demeestere I, Streiff AK, Suzuki J, Al-Khabouri S, Mahrous E, Tan SL,
Clarke HJ: Follicle-stimulating hormone accelerates mouse oocyte
development in vivo. Biol Reprod 2012, 87:3 1–11.35. Bhartiya D, Sriraman K, Gunjal P, Modak H: Gonadotropin treatment
augments postnatal oogenesis and primordial follicle assembly in adult
mouse ovaries? J Ovarian Res 2012, 5:32.
36. Davies BR, Finnigan DS, Smith SK, Ponder BA: Administration of
gonadotropins stimulates proliferation of normal mouse ovarian surface
epithelium. Gynecol Endocrinol 1999, 13:75–81.
37. Burdette JE, Kurley SJ, Kilen SM, Mayo KE, Woodruff TK: Gonadotropin-induced
superovulation drives ovarian surface epithelia proliferation in CD1 mice.
Endocrinology 2006, 147:2338–2345.
38. Kyllönen L, Haimi S, Mannerström B, Huhtala H, Rajala KM, Skottman H,
Sándor GK, Miettinen S: Effects of different serum conditions on
osteogenic differentiation of human adipose stem cells in vitro. Stem Cell
Res Ther 2013, 4:17.
39. Patel H, Bhartiya D, Parte S, Gunjal P, Yedurkar S, Bhatt M: Follicle
stimulating hormone modulates ovarian stem cells through alternately
spliced receptor variant FSH-R3. J Ovarian Res 2013, 6:52.
40. Pacchiarotti J, Maki C, Ramos T, Marh J, Howerton K, Wong J, Pham J,
Anorve S, Chow YC, Izadyar F: Differentiation potential of germ line stem
cells derived from the postnatal mouse ovary. Differentiation 2010,
79:159–170.
41. Schneider CA, Rasband WS, Eliceiri KW: NIH Image to ImageJ: 25 years of
image analysis. Nat Methods 2012, 9:671–675.
42. Wang LY, Wang DH, Zou XY, Xu CM: Mitochondrial functions on oocytes
and preimplantation embryos. J Zhejiang Univ Sci B 2009, 10:483–492.
43. Gilchrist RB, Lane M, Thompson JG: Oocyte-secreted factors: regulators of
cumulus cell function and oocyte quality. Hum Reprod Update 2008,
14:159–177.
44. Sharov AA, Falco G, Piao Y, Poosala S, Becker KG, Zonderman AB, Longo DL,
Schlessinger D, Ko MS: Effects of aging and calorie restriction on the
global gene expression profiles of mouse testis and ovary. BMC Biol 2008,
6:24.
45. Hosni W, Bastu E: Ovarian stem cells and aging. Climacteric 2012,
15:125–132.
46. Parrott JA, Kim G, Skinner MK: Expression and action of kit ligand/stem
cell factor in normal human and bovine ovarian surface epithelium and
ovarian cancer. Biol Reprod 2000, 62:1600–1609.
47. Hetherington CM: Mouse husbandry. In Mammalian Development: a
Practical Approach. Edited by Monk M. Oxford: IRL press; 1987:1–6.
48. Hogan B, Beddington R, Costantini F, Lacy E: Manipulating the Mouse
Embryo: a Laboratory Manual. 2nd edition. Cold Spring Harbor, New York:
Cold Spring Harbor Laboratory Press; 1994:2–3.
49. Thouas GA, Trounson AO, Jones GM: Effect of female age on mouse
oocyte developmental competence following mitochondrial injury.
Biol Reprod 2005, 73:366–373.
doi:10.1186/1477-7827-12-113
Cite this article as: Joo et al.: Differential expression of pluripotent and
germ cell markers in ovarian surface epithelium according to age in
female mice. Reproductive Biology and Endocrinology 2014 12:113.Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
